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A study of the formation of self-assembled monolayers (SAM) of adsorbed 
organics has been undertaken to provide insight into the use of such SAM in future 
molecular electronic devices. Scanning Tunneling Microscopy (STM) and Atomic 
Force Microscopy (AFM) are used to characterize self-assembled conjugated 
molecules and alkanethiols adsorbed on various surfaces.  The AFM/STM imaging is 
undertaken within a controlled liquid environment, which not only provides a well 
defined tip-sample interface but also allows for in-situ observation of the SAM 
formation.  The set-up and method to measure local conductivity of surfaces using 
Conducting AFM is also described. 
SAMs formed by both physisorption and chemisorbtion are investigated. The 
physisorbed SAM consists of a conjugated molecule of 3 phenyl rings adsorbed on 
graphite.  It is found that the molecule lies flat on the graphite and forms large 
supra-molecular structures within ordered domains.  The chemisorbed SAMs consist 
of various alkanethiols and thiol terminated conjugated molecules adsorbed on the 
Au(111) surface.  Molecular scale images of the alkanethiol SAM were obtained by 
both AFM and STM.  Subsequently thiolated conjugated molecular wires are 
inserted into the alkanethiol SAM.  In this way single isolated conjugated molecules 
within an inert alkanethiol matrix are formed, which allows for the electrical 
properties of single conjugated molecules to be measured.  The process of molecule 
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Chapter 1 Introduction 
 
1.1 Molecular Electronics 
Molecular electronics can be defined as the development of electronic 
devices containing active elements that have the dimensions of single molecules. At 
present no realistic applications have been achieved. So why do people remain 
interested in molecular electronics and what are the problems to solve? 
To answer this question, let us first refer to the well-known Moore’s Law. It 
states that the number of transistors that can be fabricated on a silicon integrated 
circuit and the corresponding computing speed is doubling every 18 to 24 months. If 
this holds, solid-state microelectronics will advance to the point around 2015 at which 
100 million transistors of feature size around 50nm will be placed within a few square 
centimeters of silicon. 
There are basic physical limitations on the devices which must be overcome 
by industry if further miniaturization is to be achieved. From a designer’s viewpoint, 
the first headache would be heat dissipation. For example, a 500 MHz microprocessor 
with 10 million transistors can emit almost 100 watts. Leakage from one device to 
another will also be of concern. The band structure in silicon provides a range of 
allowable electron energies, which makes it possible for some electrons to hop or 
tunnel from one device to another when devices are closely packed. In addition, from 
the fabrication point of view, photolithography becomes difficult and expensive for 
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size dimensions less than 100 nm.  
Thus as the feature sizes become smaller, the “traditional” silicon industry 
will have to work out alternatives to fabricate electronic devices at the atomic scale. 
There have been two strategies used for electronics development: Top-Down and 
Bottom-Up. Top-down strategy is the “traditional” silicon approach and corresponds 
to the continued reduction in size of bulk semiconductor devices. Bottom-up refers to 
the opposite direction in which molecules or atoms are the basic starting components 
from which complex devices are formed. The bottom-up approach is considered more 
appropriate for molecular electronics 
There are several reasons why molecules appear promising for electronics. 
Firstly, molecules are several tens of thousands times smaller than the transistor, 
which means that on the same area one can expect to have more functional or denser 
devices. Secondly, certain molecules can self-assemble into supra-structures enabling 
the fabrication of realistic devices. Thirdly, electron mobility can be controlled or 
limited since electrons are confined in molecules with a discrete number of allowable 
energies. Finally, a wide variety of molecular functionality can be designed, for 
example, π conjugated molecular systems can act as molecular wires. With a flexible 
π conjugation, the electronic state of the molecular wires are expected to be switched 
on and off by changing the molecular conformation, making it possible to control 
electron flow. The Bottom-up technique is preferred for molecular scale electronics as 
it provides a feasible way to design molecular structures with specific electronic 
function and connect the microscopic molecules to the macroscopic world. 
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Historically, researchers started to make p-doped materials by doping Group 
IV elements with electron-poor Group III elements, and n-doped materials by doping 
with electron-rich dopants from the Group V, creating the first inorganic 
semiconductors in the 1950s1. Just ten years later, the idea of creating organic 
counterparts to the inorganic semiconductors evolved2, based on the fact that 
individual molecules can be designed so as to be electron-rich donors (D) or 
electron-poor acceptors (A), similar to the two basic components of the inorganic 
semiconductor. For example, an organic rectifier structure fabricated by joining 
micron-thick films of D and A was proposed as an equivalent to an inorganic p-n 
rectifier. In 1974 Aviram and Ratner were the first to suggest a molecular scale 
rectifier3, although there were no ideas as to how to incorporate this molecule into a 
real circuit or device. In 1980’s, a breakthrough in characterization techniques 
occurred, namely, the invention of scanning probe microscopy (SPM)4. This allowed 
single molecule detection and manipulation to be realized. In the 1990’s, the 
development of new SPM techniques and advances in Supramolecular Chemistry5-7 
allowed scientists to make and observe self-assembled molecular devices, some of 
which have similar functions as solid state silicon electronic devices. At present, 
molecular electronics based on organic molecules has also drawn the interest of big 
corporate players such as IBM, Intel and HP.  
In one of the hottest research areas, namely single molecular devices, 
researchers have progressed to demonstrate single-molecule rectification8, nanotube 
transistors9, and negative differential resistance from a small collection of molecules10. 
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Recent experiments are beginning to show that single molecules can indeed act as 
wires and diodes. Reed and co-workers11 have used a break junction configuration to 
measure the conductance of a single molecule chemisorbed between gold electrodes. 
Bumm et al.12 have used scanning tunneling microscopy measurements to show that 
individual -conjugated molecules, chemisorbed at gold electrodes via sulfur atoms, 
have enhanced conductivities compared to adjacent chemisorbed alkanethiolate chains. 
Other experiments have shown that through-molecule conduction and rectification can 
occur with ensembles of molecules between electrodes, and theoretical calculations 
have been able to explain the temperature-dependence of the ensemble conduction in 
terms of molecular structure dynamics. Related experiments of interest include the 
demonstration of the conducting properties of individual nanometer-scale objects such 
as carbon tubes13, conducting polymer filaments14, and semiconductor clusters15. 
Intensive efforts are now in place to further study single molecule systems with the 
aim of obtaining accurate electrical measurement of single molecular wires.  
Although STM is most often used to measure the electrical properties of 
small molecules and nano-structures such as carbon nanotubes, this method presents 
some difficulties because the contact force is not controlled in STM-based 
experiments. As the electronic properties of a molecule are sensitive to the effects of 
deformation it is important to sense force and current simultaneously. The technique 
of conducting AFM allows the study of the electrical fields in current-carrying 
nanowires as well as normal topography16,17, which makes conducting AFM another 
popular molecular wire characterization tool besides STM.  
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1.2 Motivation 
Promising as molecular electronics is, there are many practical problems to 
overcome before any molecular device can be put into application. It remains difficult 
and challenging to measure the electrical and physical properties of individual organic 
molecules assembled onto an electrode surface. Molecular characterization is 
obviously a key requirement for any device yet the measured electrical properties of 
molecules can vary by orders of magnitude18. There are two major reasons for these 
large experimental variations: the difficulty in making an ohmic contact to both ends 
of a test molecule, and the difficulty in preparing reproducible surfaces of isolated 
molecules. The main goal of this thesis is to address the latter problem. 
Two systems of π-conjugated molecules are studied. The first system 
consists of a large complex oligomer physisorbed onto graphite. The molecules lie flat 
on the surface and form extended supra-molecular structures. This allows the 
molecules to be imaged by scanning tunneling microscopy (STM) and atomic force 
microscopy (AFM). The second system consists of self-assembled monolayers (SAM) 
of thiol-terminated molecules chemisorbed onto Au (111) surfaces. Here the 
molecules orient themselves perpendicular to the surface and this allows the 
through-molecule electrical properties of a molecule to be measured by contacting an 
STM or a conducting AFM tip to the top surface of the SAM. Several SAM systems 
are explored; specially insulating alkanethiol SAMs of various chain lengths and thiol 
terminated π-conjugated molecules which have significantly enhanced conductivity 
and can act as molecular wires. A particular system which is studied in detail is the 
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mixed SAM, which consists of a predominantly insulating alkanethiol SAM with a 
low coverage of thiol terminated π-conjugated molecular wires inserted into the SAM 
layer. Such a mixed SAM allows individual molecular wires to be isolated and their 
electrical properties to be measured. AFM data is presented showing the dynamic 
nature of the molecular wire isolation process and also some effects related to the 
surrounding insulating matrix of alkanethiol SAM. 
Much of the AFM and STM characterization is undertaken in a liquid 
environment. This provides a cleaner, more well-defined interface for AFM/STM in 
comparison with studies undertaken in ambient and further allows SAM formation to 
be observed in-situ. 
The set-up and method for conducting AFM is also described. This 
technique allows AFM to measure local conductivity of surfaces. Although not used 
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2.1 Self-Assembly of Conjugated Molecules 
Research on conjugated molecules is particularly appealing because of their 
potential applications for molecular electronics. Studies of the self-assembly of 
conjugated molecular architectures through adsorption at solid-liquid interface have 
revealed highly ordered supramolecular structures. With their easy processability, low 
cost of production, versatility, and controllable electron transport, they have great 
potential for electronic applications. 
 
2.1.1 Conjugated Molecule System 
In general, when one considers the electrical properties of various classes 
of materials, it is tacitly assumed that metals and inorganic semiconductors are best 
suited for applications requiring materials with high electrical conductivity, while 
organics are better exploited in applications that require excellent insulating properties. 
This view of the role of organics in the electronics industry has changed over the 
years as new organic materials with various electrical and optical properties become 
available.  
     The majority of these new organic conductors are conjugated molecules 
characterized by highly delocalized electronic states. These π-electron rich materials 
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are highly susceptible to chemical or electrochemical oxidation which, in turn, can be 



















  Figure 2.1 Chemical formula of four conjugated polymers. 
 
According to band theory, for electronic conduction in a material, both a 
continuous system of a large number of strongly interacting atomic orbits which lead 
to the formation of band-like electronic states and the presence of an insufficient 
number of electrons to fill these bands are required. In metals or semiconductors, the 
atomic orbits of atoms overlap with each other thus creating a number of continuous 
energy bands, and the electrons are delocalized throughout the entire array of atoms. 
When the valence band is partially filled, the electrons present in the conduction band 
are essentially free to move after the application of an applied electric field, resulting 
in conduction. When the valence band is completely filled, electrons are promoted 
across an energy gap, which is a more typical conduction mode for semiconductors.  
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It is clear from the above discussion that electronic conduction is best 
facilitated by the presence of a continuous system of overlapping atomic orbits which 
establishes the delocalized electronic states that are needed for the movement of 
electrons in an electric field. For organics, however, the molecular orbits responsible 
for bonding carbon atoms of a typical chain together are s hybridized σ orbits 
which are spatially not suited for extensive overlapping and thereby the electrons 
involved in the bonding are strongly localized between the carbon atoms that they 
hold together and cannot easily contribute to the conduction process. Typically, this 
makes organics good electrical insulators. 
3p
Nevertheless, organic chemical species characterized by a delocalized 
π-electron system along the polymer backbone can show appreciable electrical 
conduction2. The special feature that this type of molecules bears is conjugated 
unsaturated bonds which make the overlapping of orbits possible, thus the molecules 
can act as large band gap semiconductors. When an electrical potential is applied 
across two ends of a fully π-conjugated molecule, one can imagine the molecule 
acting as a wire with the electron flow carried by the π-electrons. For an electronically 
asymmetric molecule, one can imagine diode-like behavior. Intensive efforts have 
been made to synthesize appropriate conjugated molecules, and recent experiments 
are beginning to show that single molecules can indeed act as "wires"3. Other 
experiments have shown that molecule “wire” conduction or rectification can occur in 
ensembles of molecules between electrodes, carbon nanotubes, conducting polymer 
filaments, and semiconductor clusters. 
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The synthesis of different conjugated derivatives is not difficult, allowing 
the design of materials with different band gaps and electron affinities, for example by 
doping. Typically, in doping, high electrical conductivity is not realized for 
electroactive polymers unless strong electron donors or acceptors, e.g. K metal or 
AsF5, are incorporated into the polymer matrix to provide new electronic states for 
conduction along the polymer backbones4. For example, the doping of polyphenylene 
by either AsF5 or K metal can increase its conductivity by well over 10 orders of 
magnitude. Similarly, doping can be useful for controlling the conductivity of 
discrete-sized, fully conjugated oligomeric molecules.   
 
2.1.2 Adsorption at Solid-Liquid Interfaces 
For the fabrication of conjugated molecules in highly ordered 2D and 3D 
polymolecular architectures, researchers take advantage of intermolecular and 
interfacial forces to self assemble large aggregates of molecules, upon adsorption. 
Attention must also be paid to the selection and preparation of a highly reproducible 
adsorption substrate. The two different ways that atoms and molecules can attach to 
surfaces are termed physisorption and chemisorption. 
Coined by Bone and Wheeler5 in 1906, chemisorption refers to adsorption in 
which rearrangement of electronic orbitals occurs possibly accompanied by charge 
transfer. As bonding orbitals need to be established between the adsorbate and the 
solid substrate, chemisorption is usually restricted to less than one monolayer. This 
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adsorption can be likened to a chemical reaction.  
In physisorption, particles are adsorbed by weaker attractive interactions, 
such as the van der Waals force. Physisorption occurs in essentially all 
molecule-surface interactions, including rare gases on surfaces and in chemisorption 
systems once all potential chemical bonds have been used, etc. A clear distinction 
between the two is that physical adsorption is relatively weak (e.g. van der Waals 
force) while chemical adsorption is caused by strong bonding forces. The enthalpy of 
chemisorption is typically 200kJ/mol, whereas for physisorption it is about 20kJ/mol6.  
Self assembled monolayer (SAM) refers to an adsorbed monolayer of 
molecules which can form spontaneously from the liquid or vapor phase7. These 
monolayer coverage films form geometrically ordered, densely packed molecular 
structures, at least over some reasonably large domain size. The SAM formation can 
result from either physisorption, as in Langmuir-Blodgett films, or chemisorption, 
which is more useful in molecular electronics because of the higher stability of the 
molecule-surface interface. The most common chemisorption SAM systems are thiol 
terminated molecules adsorbed on gold (as in this study) and organosilanes on SiO2. 
One physisorbed SAM system is studied in this work, namely a π-conjugated 
molecule adsorbed from solution onto highly ordered pyrolitic graphite (HOPG). The 
porphyrin rings of the molecule are almost commensurate with the basal plane of the 
HOPG. This leads to the formation of supra-structures of the adsorbed molecules 
which exhibit an extended, ordered molecular arrangement. The ordered structure can 
rightly be termed a physisorbed SAM because of the stability of the adsorbed 
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molecular film. 
  
2.1.3 Conjugated SAM in Molecular Electronics 
As mentioned in the previous section, the extended π-system of conjugated 
polymers makes them highly susceptible to chemical or electrochemical oxidation and 
reduction, so that the electrical and optical properties can be dramatically altered by 
the charge transfer processes which modify the electronic states of the polymer 
backbone. Since this charge transfer chemistry is usually reversible and can be 
precisely controlled, it is possible to systematically control the electrical and optical 
properties of conducting polymers over a very wide range and it is further possible to 
switch from a conductive state to an insulating state reversibly. These features have 
made conjugated polymers particularly useful in the area of molecular electronics 
which separates them uniquely from other materials. A common way to change the 
properties of these materials is by selectively modifying specific functional groups 
while leaving the rest of the molecule unchanged. A good example for this is that one 
can fabricate organic thin films of a hydrophobic or a hydrophilic surface just by 
using the right endgroup. In the case of alkylthiol-based monolayers, this property 
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2.2 Scanning Probe Microscopy 
Scanning Probe Microscopy, a family of surface characterization instruments 
based on collecting the signal from a sharp probe interacting with a sample surface 
can provide information on the nano-scale physical properties of the sample. SPMs 
provide high vertical and lateral spatial resolution (<1Å) and can be used to explore 
non-crystalline samples and dynamic processes. Compared to other characterization 
instruments such as TEM, SPM has a big advantage in that it can operate in various 
environments, vacuum, air or liquid. This enables studies of dynamic processes, as 
well as studies at solid-liquid interfaces. The imaging of both physisorbed8 and 
chemisorbed9 molecules has been realized since in these systems the molecules 
adhere to a substrate by forces stronger than the lateral forces of the scanning tip. 
 
2.2.1 Scanning Tunneling Microscopy Working Principle 
STM was the first member of the scanning probe family and also the first 
instrument to generate real-space images of surfaces with atomic resolution. The STM 
is based on the principle of vacuum tunneling of electrons between a conducting tip 
and a conducting sample.  



















Figure 2.2 Scheme of STM Setup. 
 
In STM a bias voltage is applied between a sharp conducting tip and the 
sample surface. As the tip is brought within a few angstroms from the sample surface, 
a tunneling current will occur, before mechanical contact is reached. This is due to the 
quantum mechanical tunneling effect. The tunneling current is an exponential function 
of the tip-to-sample spacing, which gives STM great spatial sensitivity. While the tip 
scans over the sample surface, the tunneling current is kept constant by a feedback 
system which moves a piezoelectric scan-tube, as in AFM. The current or piezo 
control signals can be used to create an image of the surface. 
STM offers the possibility to measure conductivity of the sample down to a 
sub-nanometer scale using the Scanning Tunneling Spectroscopy (STS) mode. 
Current-Voltage (I-V) curves can be obtained to understand the localized structure of 
the electronic density of states or to measure conductivity of single molecules. STM 
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images usually have higher resolution compared to AFM, because of the short range 
nature of the tunneling effect, which is much more sensitive to changes in tip-sample 
distance compared to the van der Waals forces in AFM. However, a limitation of STM 
is that it cannot image bulk insulators, although it can work with very thin insulating 
layers (<2nm), which suits the organic monolayers used in this work.  
 
2.2.2 Atomic Force Microscopy Working Principle 
The working principle of AFM is quite simple (see Figure 2.3). A sharp tip 
of diameter less than 100Å is mounted on the free end of a soft cantilever, which is 
100 to 200µm long. When the tip is scanned over the surface of a sample, the forces 
between the tip and the sample surface cause the cantilever to bend. A photodiode is 
then used to collect the deflection of the cantilever and a feedback system keeps the 
deflection of the cantilever constant by controlling the vertical movement of the tip on 
the sample surface. The measured cantilever deflections represent a map of equal 
forces, and the data obtained can be used by the computer to produce a map of the 
surface topography. The displacement of the tip in the X/Y/Z directions is achieved 
with great precision by mounting the cantilever on a piezoelectric tube. Appropriate 
voltages to activate the piezo are applied by the computer controlled feedback system. 
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Figure 2.3 Scheme of AFM. 
 
The tip-sample forces of interaction can be divided into two categories: 
long range forces and short range forces. Long range forces include van der Waals 
forces, capillary forces and electrostatic forces10. These forces are important in the 
range from one to tens of nanometers, and are generally quite weak. Short range 
forces include chemical repulsive forces and bonding forces. These are important at 
separations of less than one nanometer, and are more sensitive to distance changes 
compared to long range forces. 
In AFM, a force profile or force curve is the name given to the measured 
force as a function of the tip-sample separation. Experimentally the data is obtained 
by turning off the feedback control loop and moving the tip over a known distance in 
the normal (i.e. vertical or z) direction. At the same time the deflection of the 
cantilever is measured which, by simply multiplying by the cantilever spring constant, 








                                                                    Chapter 2 Literature Review 
 2.2.3 Conducting AFM Working Principle 
In conducting AFM (see Fig. 2.4) a bias voltage is applied between a 
conducting tip and a conducting sample. Any current flow between the tip and sample 
is measured by a high gain current amplifier, connected to the sample. Thus the local 



















Figure 2.4 Scheme of Conducting AFM. 
 
When probing the electrical properties of a sample surface, the conducting 
AFM has an advantage over STM in that independent control over the tip-sample 
distance can be achieved. This is important for soft sample scanning, e.g. thiols on Au, 
since the conductivity depends strongly on the tip-sample separation. In contrast, for 
STM the tip will adjust the tip-sample distance until a given current is measured and 
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in these circumstances it is not known if the tip is buried within and compressing the 
soft sample or separated from the sample surface by a tunnel gap. 
 
                                                                          
2.3 Probing Conjugated SAM with SPM 
The spontaneous character of the self-assembly process, in principle, allows 
high throughput fabrication of complex devices. Although problems can be expected, 
such as the appearance of inherent variations in the structure, the self-assembly 
approach has captured the interest of many workers in the device field because of its 
promise as a platform for building a new generation of molecule-based devices.   
Scanning probe microscopy (SPM) has proven to be exceptionally 
well-suited for the elucidation of surface structures induced by self-assembled 
molecules. Both STM and AFM have shown their ability to achieve molecular and 
even atomic resolution, becoming commonplace techniques for the investigation of 
issues related to self-assembly. 
 
2.3.1 Oligomers on HOPG (Physisorbed System) 
The first report on molecular imaging at the solid-fluid interface was done 
by STM on a liquid-crystalline compound on HOPG11. HOPG is the most popular 
substrate to work with under ambient conditions because it is electrically conductive, 
atomically flat, inert and easy to prepare. Moreover, some compounds (e.g. simple 
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alkanes) have a high affinity for HOPG and STM imaging of physisorbed monolayers 
in solution can be achieved if the molecules are immobilized in the monolayer by 
strong adsorbate-adsorbate and adsorbate-substrate interactions.  
There is a rapidly growing list of organic materials being inspected with 
STM, including ordered monolayers12-17, polypeptides18, conducting polymers19, and 
biological materials20, 21. The molecular packing of liquid crystals, long-chain alkanes 
and alkyl derivatives deposited from solution on the basal plane of HOPG is greatly 
studied. STM imaging on these films is possible because the densely packed 2D 
crystals are sufficiently pinned to the HOPG substrate surface due to strong 
commensurability between the HOPG lattice and the hydrocarbon chains. The 
molecular structure of the adsorbed long-chain alkanes and the dynamic behavior of 
dissolved long-chain alkanes and alkylbenzenes at the liquid/solid interface can also 
be directly observed in real time experiments22. 
Note that high-resolution STM imaging requires immobilization of the 
molecules but very strong adsorbate-substrate interactions are not favorable for the 
formation of highly structured supramolecular structures. Self-organization requires 
that molecules upon deposition can rotate and translate in order to form the 
thermodynamically most stable supramolecular ordering at a given temperature. 
There are several difficulties associated with using STM on organic 
materials, namely that the material must be thin enough to allow tunneling and the 
organic molecules must be immobilized on the surfaces; a surface which is restricted 
to conducting substrates. Furthermore, the distance between the tip and organic 
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molecules cannot be measured with any certainty. Since the tunneling current depends 
strongly on the tunnel gap, this uncertainty in STM may give rise to erroneous data.  
AFM provides a good solution to this problem. Compared to STM, the 
tip-sample distance is controlled precisely in AFM experiments because the 
tip-sample interaction force can be correlated directly to the tip-sample separation. 
Thus the mechanical and electrical effects can be separated, a very important factor 
when trying to measure soft organic materials. Furthermore, AFM can operate on any 
thickness material and on any substrate (conducting or insulating).  
Given these experimental advantages of AFM, it is surprising to find there is 
only one published report describing AFM imaging of an oligomer on HOPG system. 
This situation probably arises because most researchers prefer the higher resolution 
offered by STM imaging.  
Another important consideration in studying organic monolayers is the local 
environment. Undertaking experiments in air/ambient conditions is common practice 
when only images are required but is highly undesirable when one is trying to 
measure material properties such as conductivity. This is because the surface-air 
interface is very poorly defined, with surface contaminants and water films inevitably 
present. For this reason, all of our work on oligomers will be done in a liquid 
environment. The scanning force will be carefully controlled to maintain the desired 
tip-sample distance. Force curves will be taken to monitor the scanning force and 
molecular resolution is reached when controlling the scanning force between proper 
ranges. STM in liquid is also used to provide some higher resolution images. 
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Finally, we note that the forces acting in liquids can be very complicated23 
and a particular force of interest when studying molecular liquids and organic 
monolayers is the solvation force. The solvation force is an oscillatory force caused 
by the ordering of the liquid confined between two surfaces. The force oscillations are 
reflections of the geometric packing experienced by the liquid due to the confinement 
imposed by the surfaces24-28. The liquid ordering results in force profiles which 
oscillate periodically as successive, discrete layers of liquid molecules are displaced 
from the gap between the surfaces. The oscillations are characterized by a period 
approximately equal to the diameter of the liquid molecules and an increasing 
magnitude as the surface separation decreases.  
 
2.3.2 Alkanethiol SAM and molecular wire system 
(Chemisorbed System)  
Self-assembled monolayers (SAMs) of thiols and organosilanes can be 
grown from solution or from the gas-phase. The defining feature of these SAMs is the 
strong interaction of the sulfur or chloride headgroup with the substrate. The most 
thoroughly studied and best-characterized SAM system is that of alkanethiols 
chemisorbed on Au (111). In this system, the chemisorption to the Au substrate is 
provided by the sulfur headgroup. The strong molecule-substrate interactions result in 
pinning of the headgroup to a specific site on the surface through the S-Au chemical 
bond, which is a covalent bond but slightly polar. As a result of this interaction, 
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molecules try to occupy every available binding site on the surface. In this process, 
molecules that have already been adsorbed tend to pack one beside the other, 
providing a crystalline assembly. The alkyl chain also plays an important role in the 
packing. Since the distance between adjacent molecules is very small, molecules can 
rearrange due to these interactions between the alkyl chains.  
Alkanethiol SAMs are very stable. Studies with AFM and STM have shown 
that alkanethiol monolayers form flat, ordered terraces with single-Au atom high steps. 
Full alkanethiolate monolayers adopt an 030)33( R×  overlayer as well as related 
superstructures on the Au (111) substrate, with the chains standing vertical with 
a tilt to the normal of the substrate surface. The terraces are distinguished by 
domains of ordered alkanethiol lattices which contain “pits” a single-Au atom deep. 
These pits contain alkanethiolates in the same close-packed conformation as on the 
terraces. The gold surface is chemically isolated from the environment by the SAM. 
The passage of molecules through the monolayer is greatly inhibited and in this way 
the SAM forms an insulating barrier on the gold surface. These properties make 
alkanethiolate monolayers ideal matrices for inserting and isolating individual 
molecular wires within the matrix.   
030
The investigation into chemisorbed SAM is related closely with the interest 
in π-conjugated molecular wires. Self-assembled monolayers of conjugated molecules 
have been formed for molecular electronics29. The attractive features of this SAM 
system are: the ability to tailor the conjugated molecules; the uniform and stable 
structure of SAMs; the ease of sample preparation; and not having involved 
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processing requirements for the substrate, such as preheating and surfactant 






Figure 2.5 Junctions for probing single molecule properties. 
 
How can one measure a single molecule? Two methods are usually used to 
obtain the conductivity properties of single molecules or of a small ensemble of 
molecules. One technique is to put the molecule across a special test structure 
consisting of two metallic nanoelectrodes with a nanoscale gap. The nano-scale gap 
can be made using electron beam lithography or using a mechanical break 
junction30-32. The other general method is to use SPM and put the molecule between 
an AFM or STM tip and the conducting substrate33-35. A challenge for both methods is 
how to make sure that a single molecule or a very small ensemble of molecules is 
present in the junction. The first method requires photolithography and the associtated 
techniques to fabricate nano-size test structures. In contrast, for the SPM methods the 
machine setup and sample preparation is simple, leaving only the problems of 
ensuring a well-defined tip-molecule electrical contact and in preparing a sample 
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surface with single, electrically isolated molecules. The SPM approach is adopted in 
this work, and the chief problem studied is that of creating single isolated molecules.  
In our SPM method, the molecules to be investigated are formed into thin 
monolayer films by self assembly onto gold. To prepare samples with single isolated 
molecules, conjugated molecules with a sulfur terminal group are inserted into an 
alkanethiolate self-assembled monolayer. In this way the “active” molecule is isolated 
within an inert, insulating alkanethiol matrix. Note that gold is highly preferred over 
other metals as the electrode because of its high conductivity, general inertness, and 
ability in establishing stable electrical junctions with the formation of Au-S bonds. 
Another reason for the choice of the SAM on Au system for the study of molecular 
wires is because connecting a molecule between two electrodes requires careful 
consideration of molecular orientation effects. In mixed composition SAMs, the 
isolated molecules can maintain an orientation that is almost vertical on the electrode 
surface which is the preferred orientation for SPM.  
Two methods have been used by other researchers for the insertion of single 
molecules in an alkanethiol SAM, namely coassembly from a binary solution of 
alkanethiol and conjugated molecules, and solution exchange36 by exposure of a 
preassembled alkanethiol SAM to a solution containing conjugated molecules. The 
coassembly from solution method may lead to great disorder in the final SAM as the 
molecules do not pack very well. A further disadvantage is the lack of control over the 
relative placement of either of the molecules, in particular similar molecules within 
the mixed SAM layer will tend to bind together i.e. form small clusters, rather than to 
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create an isolated molecule. Insertion via solution exchange, on the other hand, is 
expected to happen at defect sites of the SAM where the exchange between host 
molecules in the SAM and guest molecules in the solvent is most facile. Thus the 
insertion process can be moderated by controlling the types and densities of defects. 
Compared to coadsorption, insertion has the advantage that guest molecules can be 
inserted into a host SAM with minimal disruption to the order or quality of the overall 
SAM. However, it can be hard to get high surface coverage of guest molecules using 
this method.  
In this project, the solution exchange insertion is used as our interest to study 
single molecule behavior and a well-ordered host matrix is required to force the 
inserted molecules to orientate nearly normal to the substrate surface to allow SPM 
probing. SAM preparation is controlled to achieve a reproducible, well-ordered 
sample surface with single, electrically isolated molecules. This is a necessary 
prerequisite for any study in this area. From this type of work we also learn that the 
inserted molecules may not necessarily insert just one molecule but can form small 
clusters as well. This is important as previous reports of STM/AFM experiments of 
“single molecule” conduction may in fact be measuring the conductance of several 
molecules. 
As discussed above, AFM is preferred to STM for studies of organic films 
and this is why we develop the conduction AFM technique for the SAM systems. 
Again, as discussed above, we undertake the experiments in liquid environments to 
minimize interface contamination and adhesive tip-sample forces. A new problem 
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arises for conduction AFM, namely to ensure that a good electrical contact is made 
between the tip and sample. Here we follow the method of Lindsay’s group3 and 
attach gold colloid nanoparticles to di-thiol molecules inserted into an alkanethiol 
SAM. The covalently bonded nanoparticles provide a very good electrical contact3 
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Chapter 3 Experimental 
In this Chapter the experimental methodologies used for this work will be 
discussed in three parts, namely microscope, preparation of the substrates, and 
preparation of the samples. 
 
3.1 Microscopy 
The ability of AFM and STM to probe surfaces at the nanoscale level and to 
observe real time reactions at the liquid-solid interface make them a suitable tool for 
our studies of self-assembled conjugated molecules. They also provide much 
information in addition to topography. For example, the force-distance curves in AFM 
can be used to decide on the proper force for scanning, the current signals in STM and 
conducting AFM show the local conductivity of the sample surface, etc.  
 
3.1.1 Apparatus 
A commercial microscope (Molecular Imaging, Arizona, US) is employed 
(see Fig. 3.1) in the project, operated by a Picoscan control electronics interfaced to a 
PC. During experiments, the whole microscope is suspended by elastic bands to 

























                        Figure 3.1 MI Microscope. 
 
 
3.1.1.1 AFM Setup  
In this work, an Atomic Range Scanner of 3.3cm in diameter and 6.35cm in 
height is used. The scan range of this scanner is: vertical, 0.7µm; horizontal, 1µm, 
with the noise in the vertical less than 0.06 Angstrom RMS, and in the horizontal less 
than 0.6 Angstrom RMS. 
The Atomic Force Microscope mode is based on the beam deflection 
scheme, using a laser diode and a position sensing four-quadrant photo-detector. 
Underneath the microscope AFM head, the sample plate is attached via magnets onto 
the motor and coarse screws. These screws are used to adjust the coarse vertical 
distance between the tip and the sample. All pre-amplifier circuits are enclosed within 
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the head of the microscope. The controller connects to the microscope head via a 
breakout box through a 25 pin connector. The cantilever assembly attaches 
magnetically to the end of the scanning tube. 
 
3.1.1.2 STM Setup 
The STM Scanner used in this work is a Small Range Scanner with the 
dimensions 3.3cm in diameter and 5.08cm in height. The scanning range in the 
vertical direction is 1.6µm and in the horizontal direction is 10µm. The noise in the 
vertical is less than 0.1 Angstrom RMS and in the horizontal is less than 1 Angstrom 
RMS. The options for sensitivity of the pre-amplifier gain are 0.1 V/nA, 1 V/nA and 
10 V/nA. 
The scanner ends with an STM end cap, on which the tip holding assembly 
is mounted. A 0.25mm diameter wire is inserted into the tip holder on the bottom of 
STM scanner. To get stable and reliable result in the scanning, the tip must be inserted 
firmly in the tip holder and is not bent. 
Since a liquid environment is chosen for most of our experiments, the liquid 
cell is an important component of both AFM and STM imaging (see Fig. 3.2). With it, 
in-situ experiments can be controlled and imaged. The liquid cell comes in two sizes: 
the large and small liquid cell has inner diameters of 12.5mm and 6.5mm respectively, 
with the larger cell being used for AFM, and the smaller for STM. 
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Figure 3.2 Liquid Cells for AFM & STM. 
 
The liquid cell consists of the cell clamping plate and a Teflon fluid cell 
ring. When setting up the liquid cell, the ring is firstly pushed against the substrate on 
the sample plate, and then is put into cell clamping plate, and finally the retaining 








Cell Clamping Plate 
Sample 
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3.1.1.3 Conducting AFM Setup 
Conducting AFM utilizes a conducting AFM cantilever and operates in the 
contact AFM mode (see Fig. 3.3). By applying a voltage bias between the sample 
and the conducting cantilever, a current flow is generated allowing a spatially 
resolved conductivity image to be obtained. In this way, a simultaneous image of the 
conductivity and topography of a sample surface is obtained.  
In this work, an external current amplifier (Keithley, Model 6485) is 
employed for collecting the current signal from the tip. The amplifier output is sent to 
the “Aux In” of the computer to generate the current image. The Picoammeter has 8 
current measurement ranges: from 20mA down to the 2nA range. The typical 
operational range depends strongly on the sample conductivity and its surface 
conditions, e.g. when scanning on alkanethiols on Au, which have a high resistance, 
the operational range of the current is in the nA to pA scale. In case there is a large 
fluctuation in the current, the “Auto Range” button can be set to “On” to make it jump 
to the corresponding current range automatically. A voltage is applied to the sample 
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Figure 3.3  Conducting AFM Setup. 
 
The first step in the setup procedure for a conducting AFM experiment is to 
connect a special 25 pin patch cable for the PicoScan system which collects current 
signal together with X, Y, Z direction of scanner piezo movement. Then the sample 
can be placed on the plate as normal (see Fig. 3.4). Plug the STM sample plate 
connection cable from the microscope firmly into the sample stage connector (WE 
connection). Use a conductive wire to connect the sample to the WE connection. After 
checking the continuity between the sample and the WE contact to make sure a proper 
connection is achieved, a 3-pin EC cable can be used to connect the sample stage to 
the microscope. Then place the sample plate with the sample onto the microscope as 
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discussed in the previous section and plug the shielded current wire into the socket on 
the Cantilever Assembly on which the conducting tip is clamped. Connect the other 
end of the shielded wire to the input of the Keithley Picoammeter and the output of 
the Picoammeter to the Aux Input of the AFM controller. 
Finally set up conducting AFM with controller: plug the home-made 
conducting AFM patch cable for Picoscan between the microscope and controller. 
Activate the Topography, Deflection, and Aux In BNC into 3 windows. Activate the 







Figure 3.4 STM Sample Plate and Conductive Wire. 
 
3.1.2 Probes  
Probes are critical components of a scanning probe microscope system 
because they determine the interaction with the sample surface and the ultimate 
resolution of the system. 
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3.1.2.1 AFM/ Conducting AFM Cantilever 
 
In AFM, both the spring constant of the cantilever and the tip have to meet 
several requirements. If working in tapping mode or non-contact mode, a stiff 
cantilever with the spring constant from several N/m to several tens of N/m and 
resonant frequency larger than 100kHz is always used. For contact mode AFM, a soft 
cantilever is desirable to minimize the forces acting on the sample. Spring constants 
and resonance frequencies of cantilevers used in contact AFM measurements are 
about 0.01 to 1 N/m and 5 to 100 KHz, respectively. 
All of the experiments in this work are done in contact mode, and soft 
cantilevers are used. Both silicon tips (Pointprobes FM-50 from Nanoworld) with 
spring constant 1.2 to 5.5 N/m and silicon nitride tips (NP-S from Nanoprobe and 
ORC8-PS-W from Olympus) with spring constant (0.05 to 0.76 N/m) are used. 
Silicon tips usually have smaller opening angles and tip radii compared to silicon 
nitride tips and offer a higher mechanical Q-factor. Silicon nitride cantilevers have 
smaller spring constants to choose from and are less fragile and easier to handle. 
In conducting AFM experiments, we use conductive diamond coated tips 
(CDT-FMR from Nanoworld) with spring constant ranges from1.2 to 5.5 N/m and 
Au-coated silicon nitride tips (ORC8-PS-W) with spring constant 0.05 to 0.76 N/m. 
The Au is deposited on the silicon nitride tips in-house to obtain soft conducting 
probes. However, from our experiment results, these home made Au-coated tips are 
not as durable as the commercial diamond tips. The diamond tips have a 100nm thick 
coating of boron-doped diamond deposited on the tip-side of a silicon cantilever. 
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These diamond tips not only have unsurpassed hardness but also a low macroscopic 









Figure 3.5 SEM image of an AFM Tip. 
 
The AFM tip is sitting at the free end of a long, rectangular cantilever (see 
Fig. 3.5). The typical height of the tip is 3 to 15 µm and the tip radius of curvature is 
around 10nm. In order to properly evaluate the images it is important to have the 
knowledge of the shape and dimensions of the tip as the recorded data is always a 
convolution of the sample topography and the tip geometry. Scanning electron 
microscopy (SEM) or transmission electron microscopy (TEM) can be used to 
characterize the tip shape, and recently new ideas of characterizing the tip shape 
without removing it from the instrument by using electrostatic forces1 and by imaging 
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the tip with another AFM tip2 have been proposed. In order to estimate the qualitative 
sharpness of the tip apex, which is usually outside the resolution of SEM, we simply 
test the imaging capabilities of the selected cantilevers on highly ordered pyrolytic 
graphite (HOPG) and mica before we start experiments. 
The spring constant is another parameter that is required for the accurate 
measurement of forces and friction. There are several ways to characterize the spring 
constant, e.g. by calculation using detailed information of the physical dimensions and 
material properties of the cantilever3; by measuring the thermal noise response of the 
cantilever, or by adding a small mass to the apex of the cantilever4.  
  In this experiment, the spring constant ( ) is calculated by using the two 
equations below, 
ck
ω = 20 *m









Ewtkc =                                               (3.2) 
where ω  is the unloaded fundamental resonance frequency of the lever, 
 the mass of the tip,  the mass of the cantilever, n a geometric correction 
factor, E the Young’s modulus and l, w, t represent the cantilever length, width and 
thickness respectively. The experimental values that are measured for input into the 
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3.1.2.2 STM Tip 
For most STM applications, tips are prepared from a metallic wire (tungsten, 
Pt/Ir, gold) by electrochemical etching or mechanical cutting. As our experiments 
require atomic resolution on relatively flat sample surfaces, the macroscopic shape of 
the tip is not so important, although the tip cannot be too blunt otherwise artifacts 
caused by the tip shape may be generated in the scanning image. In general, the radius 
of the tip is about 20nm. The chemical composition of the tip is also important. If the 
tip material is too soft (e.g. gold), it can be easily damaged during scanning. Hard 
materials, like tungsten, have been widely used for UHV STM study; but for our 
studies in air or liquid, it is not preferred as it can oxidize. Oxide or insulating layers 
at the tip apex can prevent tunneling, causing the tip to crash onto the sample surface. 
Ideally, an inert material should have been chosen for the tip, such as gold or platinum. 
However, as these materials are not hard enough, the harder alloy of PtIr has been 
used for most of our experiments. The PtIr tips are made by etching in 0.5M KOH 
solution. 
As in AFM, one can get a general idea of the sharpness of the STM tips by 






















Figure 3.6 A 6nm×6nm STM image of HOPG with lattice periodicity of 0.246 nm at bias 
voltage=0.3v, tunneling current =0.3nA.   
 
3.1.3 Spectroscopy Measurement 
Scanning Prove Microscopy can be used not only to image a surface, but 
also to measure material properties at selected points on the sample surface. In SPM 
this ability to measure local surface properties is termed “Spectroscopy”, e.g. Force 
Spectroscopy, Scanning Tunneling Spectroscopy (STS), etc.  
 
3.1.3.1 Force Measurement in AFM 
In AFM, the force-distance curve provides information about the local 
elastic properties of a surface, surface hardness and both long and short range forces. 
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Force-distance curves explore the tip-sample interaction as a function of the surface 
separation, although case is also required in integration as contaminants and a thin 
layer of water may also be present. Large attractive forces are usually observed due to 
the presence of water on many hydrophilic surfaces (see Fig. 3.7). 
 
 
Figure 3.7 A force-distance curve measured by an Au tip on HOPG in air. 
 
The force curve of figure 3.7 shows the typical curve obtained in air for 
Au-coated cantilevers. This figure shows the raw force curve data. The piezoelectric 
displacement (z) is the distance the piezo scanner is moved in the surface normal (z) 
direction. The static deflection is the raw signal from the AFM photodiode showing 
the bending of the cantilever. This can be easily converted to a force by multiplying 
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the raw signal by a calibration factor to obtain the deflection in meters, and 
subsequently multiplying it by the spring constant ( ) to obtain the force (i.e. 
Hooker’s law). The figure shows data for the tip both approaching and withdrawing 
from the surface. Far from the surface (e.g. at z=-1400nm) no forces act on the tip and 
there is no cantilever deflection. On approach the tip contacts the surface, in this case 
at z≈-2100nm. After this displacement (e.g. at z=-2200nm) the force curve is linear 
because the tip simply moves together with the sample.  
ck
Since Au is hydrophilic, water layers prefer to adsorb on the Au surface. 
When the tip withdraws from the sample surface, the water capillary holds the tip in 
contact with the surface, until the retraction of the tip is sufficiently great so that the 
energy in the cantilever spring overcomes the adhesive capillary force, and the tip 
snaps off the surface ( this occurs at around z=-1550nm in the Figure). 
Strong capillary forces are not desirable for accurate measurement of surface 
forces. A good solution to remove capillary effects is by working in liquids. For 
example, a force curve done with the same Au tip as in Figure 3.7 on the same HOPG 
surface in liquid (phenyloctane) showed a linear decrease in the force needed to pull 
the tip off the surface.  
 
3.1.3.2 Conductivity Measurement in Conducting AFM 
Conducting AFM can be used to probe the electronic properties of a 
material in a form of current spectroscopy. In conducting AFM, conductivity 
spectroscopy takes two forms: Current-Voltage (I-V) curves taken at a fixed 
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tip-sample distance, and current-distance (I-D) curves in which the current is 
measured at a fixed voltage as the tip-sample distance is varied.  
The Current-voltage (I-V) curves in conducting AFM have characteristics 
of the local electronic structure on the sample similar to Scanning Tunneling 
Spectroscopy (STS) in STM. As discussed in Chapter 2, the conducting AFM 
approach allows direct and comparatively easy data interpretation in comparison to 
STM because there is no uncertainty arising from a tunnel gap resistance. 
To measure force and conduction simultaneously (an I-D curve), a normal 
AFM force-distance curve is taken with a fixed bias voltage. The I-D curves are 
particularly useful in assessing the electrical properties of the tip. For example, for a 
conducting sample (e.g. gold) the tip-sample electrical contact should be ohmic and 
the I-D curve should show a large current flow whenever the tip is in mechanical 
contact with the surface. If the I-D curve does not show this behavior then the tip apex 
is probably not conducting. 
 
3.2 Preparation of Conducting Substrates 
Preparation of the conducting substrate is a very important step in the 
experiments because the surface quality can affect the subsequent self-assembly of 
molecules on the surface. In our experiments, flat substrates are desirable in order to 
facilitate the STM and AFM measurements. Two conducting substrates are used, 
namely HOPG and Au (111). 
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3.2.1 HOPG 
Highly Oriented Pyrolytic Graphite (HOPG) is widely utilized in SPM 
studies. Preparation of the HOPG substrate can be achieved easily by cleaving the 
basal plane with an adhesive tape. HOPG is a desirable substrate in SPM 
investigations of adsorbed molecules because it is thermodynamically stable, 
chemically inert, electrically conductive and atomically flat. Importantly, several 
organic molecules have an affinity for adsorption onto the HOPG surface as discussed 












 Figure 3.8 Schematic shows the layered Structure of HOPG.. 
Graphite is a layered material (see Fig. 3.8). The carbon-carbon distance in 
the planar hexagonal sheets is 1.42 Angstrom, and each layer is separated by 3.35 
Angstrom5. The conductivity along the basal plane direction is five orders of 
magnitude higher than that perpendicular to the layer direction. In our experiments, 
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highly ordered pyrolytic graphite substrates of SPI-2 grade with dimension of 
20mm×20mm×2mm are used. This HOPG is obtained from SPI, USA. 
 
3.2.2 Au (111) 
Au (111) is a good substrate for SPM studies because it is inert, can be easily 
prepared by evaporation, and can be chemically modified by binding with organic 
thiols and bifunctional disulfides. The (111) surface is the lowest energy surface, and 
is thus the preferred surface in the growth of thin Au films. 
All Au (111) samples used in these experiments are prepared by evaporation. 
Clear ruby muscovite mica sheets are freshly cleaved with a knife and immediately 
placed into the vacuum chamber of the evaporator (System A, R-DEC, Japan). Before 
evaporation of Au, the mica sheet is first heated for more than 20hrs at 550°C at a 
pressure of less than 10-5Pa and then equilibrated for 30min at the temperature chosen 
for the deposition. Deposition of gold is carried out at a pressure of 10-6Pa. 
Evaporation rate, typically 1Å/s, and film thickness (typically~ 700Å) are monitored 
by a quartz crystal. After evaporation, the samples are cooled to room temperature 
under vacuum. Immediately upon removal from the vacuum chamber, the Au (111) on 



















  Figure 3.9 A 1200nm×1200nm STM image of Evaporated Au (111) on mica. 
        
The above procedure produces gold with a very large crystal size and 
atomically flat (111) terraces, as shown in Figure 3.9. 
 
3.3 Sample Preparation: Organic Adsorption 
Generally speaking, sample preparation can be divided into two steps: 
synthesis of the organic molecules and formation of self-assembled layers (SAM) of 
the molecules on the substrate. All the chemicals used in this study are either 
synthesized by other research groups or purchased from Aldrich directly. The 
preparation of SAMs of the molecules on HOPG and Au (111) is described below. 
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3.3.1 Target 1 on HOPG 
Target 1 is the conjugated molecule ( 4,4’- [ ( 2,5 -didodecylphen- 1,4 -yl ) 
diethynyl ]-N,N’-bis ( pyridine- 2,2’-yl )-bisbenzamide ). The chemical synthesis of 
this molecule is done by Ms Liu Xiaolin of IMRE (Institute of Materials Research & 
Engineering), Singapore.  
Target 1 solution is prepared by adding the synthesized molecules into 
P-xylene solvent and a concentration of 3mg/ml is used in all our experiments. 
Xylene is purchased from Aldrich. All chemicals are used without further purification. 
A small amount of this Target 1 solution is introduced into a 0.10ml Teflon liquid cell 
(see Fig 3.2), which is sealed against a freshly cleaved 2×2cm HOPG surface. The 
measurements are performed at room temperature. 
 
3.3.2 Monolayer of Alkanethiol on Au 
Due to their ease of preparation and well-defined order thiols on gold is a 
model SAM system. The alkanethiols used in this study are hexanethiol, heptanethiol, 
octanethiol, decanethiol, dodecanethiol, tetradecanethiol, and octadecanthiol 
( , n = 6, 7, 8, 10, 12, 14, 18). The thiols are obtained from Aldrich and no 
further purifications are done. Ethanol, Tetrahydrofuran (THF) and Chloroform are 
used as solvents.  
SHHC nn 12 +
To form the SAM, freshly evaporated Au (111) samples are immediately 
immersed into a 1mM ethanol solution of alkanethiol for 16 hours or longer. After that, 
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the samples are removed from the solution, rinsed in ethanol, blown dry under 
nitrogen and finally stored in pure ethanol before use. 
 
3.3.3 Alkanethiol Monolayer with Inserted “Wire 3” 
Molecules 
Wire 3 is the conducting conjugated molecule ( p – acetylthiophenyl - 
nonafluorobiphenyl ). The chemical synthesis of this molecule is done by Mr. Huang 
Chun of IMRE (Institute of Materials Research & Engineering, Singapore). Since the 
parent thiols are susceptible to oxidation in air, the more stable thioacetyl derivative 
of the molecule was synthesized.  
To form the SAM of Wire 3 the sulfur groups of the derivative are 
de-protected during the formation of the SAM in solution by hydrolysis with an added 
base (NH4OH). In these experiments, the Wire 3 molecules are inserted into an 
alkanethiol SAM. The method to achieve this is as follows, after a pure SAM of 
alkanethiol is formed as described in 3.3.2 above, the sample is removed from the 
alkanethiol solution and thoroughly washed in Chloroform, and then in ethanol. 
Insertion of the aromatic molecules is carried out by immersion of the alkanethiolate 
SAM into a 1mM Chloroform solution of the Wire 3 molecule. An addition of 2µl 
NH4OH is added into 2ml of the Wire solution to deprotect the sulfur group. The 
samples are taken out of solution after an insertion time ranging from 1 to 12 hours. 
The samples are rinsed with ethanol after removal from solution and prior to analysis.  
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3.3.4 Alkanedithiol with Au Nanoparticles  
Another system of interest is SAM of dithiol molecules. With dithiol 
terminated molecules, gold-molecule contacts can be formed by chemisorption at both 
ends of the molecule. In our work, bare gold nanoparticles are attached to the exposed 
surface of a di-thiol monolayer formed on an Au (111) surface.  
Pure 1,8-octanedithiol monolayers are formed on Au (111) by overnight 
immersion in 1mM thiol solutions in ethanol. Gold nanoparticle-containing solution, 
buffered with potassium and carbonate and sodium citrate, is purchased from EY 
Laboratories, CA. The average particle size is 5nm. The solution is first centrifuged 
for 5min to guarantee a homogeneous particle distribution in the solution and 20µl of 
the solution is added onto each sample surface using a syringe and left for an hour. 
The resulting sample is then rinsed with ethanol and dried by nitrogen before use. 
Isolated particles of gold attached to the monolayer could be observed with AFM. 
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Chapter 4 Results and Discussion 
 
4.1 Physisorbed SAMs 
The surface potential is rather constant along the surface plane for most 
physisorbed systems, resulting in highly mobile adsorbates that for submonolayer 
coverages form a two-dimensional fluid1,2. When monolayer coverage is approached, 
geometric restrictions may force adsorbing molecules into a two-dimensional solid 






Figure 4.1 Target 1 Molecule. 
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In this study, the molecule Target 1 (shown in Fig. 4.1) is physisorbed on 
HOPG and imaged by AFM and STM. The main chain of Target 1 contains benzyl 
rings, pyridine, and triple bonds, with an estimated length of 3nm. The two side 
chains are C12 alkyl chains, and when fully extended have an estimated length of 
3.2nm. 
 
4.1.1 AFM Results 
AFM imaging is done in liquid (xylene). Microfabricated silicon nitride 
cantilevers with spring constant ranging from 0.06 to 0.58 N/m and Si cantilevers 
with spring constant ranging from 1 to 2 N/m are used.  
The topographical data is retrieved in a constant-force setting. Typical forces 
used are set in the range of 100 pN to 1nN. Each AFM image is captured after the 
same area is scanned for more than 5 min to ensure that the system stabilizes. Ordered 


































Figure 4.2 Force-Distance Curves taken in (a) P-Xylene (b) Target 1 in Xylene solution. 
The HOPG surface is at tip-sample distance D=0. 
 
Figure 4.2 (a) shows a typical force curve for the tip approaching a HOPG 
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surface immersed in the solvent (xylene). Figure 4.2 (b) shows a force curve for 
Target 1 in xylene solution. There are two kinds of information that one can obtain 
from these force curves: the structure of the liquid at the solid/liquid interface and the 
forces required to disrupt or image the adsorbed molecules. 
The structure of liquid depends on the tip-sample distance, which is 
calculated by substracting the lever deflection from the sample displacement. The 
force curve of Fig 4.2 (a) shows the same solvation forces as measured in previous 
AFM experiments conducted in pure liquids. A series of periodic repulsive ‘walls’ is 
observed. The periodicity, which is taken as the mean spacing between successive 
walls, is 2Å, which is very close to the size of the xylene molecules. The periodic 
repulsive forces show that the xylene liquid becomes more ordered (or solid-like) as 
the molecules are compressed between the tip and HOPG surface. In the force curve 
of Figure 4.2 (b), the periodicity of the first two solvation jumps is larger than that in 
pure xylene (~3Å) and this is assigned to the size of Target 1 molecules lying parallel 
to the HOPG surface, i.e. the Target 1 chains tend to lie flat on the graphite surface. 
Each jump in the force curve corresponds to an ordered structure of liquid 
molecules at that force. The left most slope at D=0 corresponds to the hard wall 
repulsion, which is the HOPG surface, and the last jump in these force curves 
(~D=2Å) corresponds to the first layer of ordered liquid molecules on the substrate. 
Accordingly, the solvation layer at D=3Å in Fig. 4.2 (b) corresponds to a Target 1 
monolayer physisorbed on the HOPG. This is further verified below by imaging. The 
force range one should use in this example to image the monolayer of Target 1 on 
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Figure 4.3 Schematic shows the influence of the applied force in AFM imaging of adsorbates. 
 
This last point is elucidated in Figure 4.3. By controlling the scanning force, 
one can position the tip within layers. In Fig. 4.3 (a), the scanning force set is so small 
that the tip barely touches the ordered layer of adsorbate molecules. When one 
increases the force set point, the AFM tip starts to touch strongly bound adsorbate 
molecules (Fig. 4.3 (b)). Images of the monolayer adsorbate on the substrate can be 
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obtained by further increasing the force to within some fixed range, as shown in Fig. 
4.3 (c). If the force is increased still further, the tip punches through the monolayer 
and contacts the HOPG substrate (Fig. 4.3 (d)). 
The behavior depicted in Figure 4.3 can be verified by imaging. Indeed, a 
common practice is to confirm the structure of a monomolecular adlayer by 
comparison with the underlying surface. This can be done by increasing the applied 
force to visualize the substrate structure.  
At present there are only a few literature results on the imaging of oligomers 
using AFM3. This is probably due to the difficulty in controlling the scanning force 
precisely at the range of pico Newtons. These are two such systems that have been 
successfully imaged by other researchers: alkanes and alcohols physisorbed on 
graphite4,5. The n-alkanes are saturated linear hydrocarbons, with their carbon atoms 
arranged in a zigzag chain of bond length 0.154nm and angle 190’28’. The length of 
an alkane’s C-C-C zigzag is 0.251nm, which is only 2% longer than the 0.246nm 
spacing between the hollows in the graphite lattice. This match promotes 
commensurate adsorption and is the origin of the alkanes’ observed affinity for 
graphite. For Target 1 on HOPG, we also anticipate some affinity of the alkyl side 
chains (see Figure 4.1) to the HOPG surface. 
Figure 4.4 shows AFM images of the monolayer of Target 1 molecules on 
HOPG under a scanning force of 1.1nN. In the large area image (Figure 4.4 (a)) 
domain regions can be seen where the molecules have formed into a regular periodic 
lattice. Figure 4.4 (b) and 4.4 (c) show zoomed in AFM images of these ordered 
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regions. In these regions the molecules have closely formed a two dimensional lattice 
structure (a model is discussed below). The measured dimension of a unit cell is 






Figure 4.4 AFM image of the monolayer Target 1 on HOPG. a) 100nm × 100 nm, 
b)40nm × 40 nm, c)20nm× 20 nm 
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In the regions of Figure 4.4 (a) where no obvious molecular structure is seen 
the monolayer is still present but is disordered. The inability to resolve the individual 
molecules within a disordered surface is a general difficulty in AFM contact mode 
imaging. The tip-sample contact area in contact mode is always several nanometers 
and thus molecules cannot be resolved unless some periodic structure is present, in 
which case the motion of the tip is modulated by the periodic lattice as the tip moves 
over the surface. The evaporation is also rapid for the solvent (xylene) at room 
temperature and this causes further imaging difficulties due to drift. We find STM 
imaging achieves higher resolution. 
 
4.1.2 STM Results 
STM is undertaken on the Target 1 molecule adsorbed on HOPG in a solvent 
(xylene). In the STM experiments, Pt-Ir tips are used with the tunneling voltage 0.5V 
(substrate positive) and tunneling current 0.3nA. Lower voltages resulted in a 
decrease in resolution of the molecules, bringing the HOPG atoms into view (i.e. the 
tip started imaging the HOPG), whereas higher voltages resulted in an increase in 
noise level. All the images are taken in constant current mode. Several attempts are 
usually necessary before we could observe the ordered layers. Nevertheless, it is 
relatively easy to observe that the Target 1 molecules are aligned along the 
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Figure 4.5 STM images of Target 1 on HOPG in xylene. a) 40nm×40nm, b) 25nm×25nm.   
 
Figure 4.5 shows a STM image obtained for this material. The image reveals 
a closely packed arrangement of molecules on the graphite surface with submolecular 
resolution. The aromatic main chains of Target 1 molecules can be recognized as 
bright spots (bright and dark refers to the highest and the lowest measured tunneling 
current respectively). In the STM images of Target 1 on HOPG, we assign (by 
argument of different tunneling properties and relative size) bright spots to the amide 
and phenyl groups and the less bright sections as the hydrocarbon group. These 
ordered layers extended without defects over areas greater than a 20nm×20nm. The 
measured distance between two molecules in a row in the A direction is 2.8nm and in 
a row in the B direction is 3.1nm, similar to those measured in the AFM images. The 
~ 15% difference between the AFM and STM results could arise from the calibration 
 59
                                                               Chapter 4 Results and Discussion 
of the different piezo scanners used. The STM data certainly has clearer resolution 
and comparing the measured unit cell to the calculated length of Target 1 molecule 
(see Fig 4.1), it is suggested that Target 1 molecules lie flat on the substrate with their 
main chain parallel to the HOPG in the B direction and the side alkyl chain tilting at a 
small angle from the substrate in the A direction.  
The basis of this model is described below and rests on other researchers 
work using very high resolution STM6 and adsorption isotherms of both long-chain 
alkanes and alkylbenzenes which indicate single monolayer adsorption with the major 




























Figure 4.6 STM image of the domain structure of Target 1 formed on HOPG in xylene. 
a)300nm×300nm b)100nm×100nm c) 40nm×40nm. 
 
Figure 4.6 shows larger scale images of the Target 1/HOPG/xylene system. 
Large domains are seen with the domain boundary defined by the symmetry of the 
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molecule (Fig. 4.6 (b)). As a result of the offset between the two alkyl side chains at 
the benzene position, a rotation along the long axis of an alkyl chain leads to a 
symmetrically inequivalent orientation of the adsorbed molecule relative to the 
substrate. Two adjacent domains consist of units with the molecules in identical 
conformations but in two different orientations. The sharp domain boundary between 
them is a screw axis (Fig 4.6 (c)). Figure 4.6 (c) is an example of 3 different domain 
orientations indicated by the labels 1, 2, 3. The relative angle between the orientations 
of different domains is , which is due to surface induced ordering such that the 





4.1.3 Proposed Model of Target 1 Monolayer 
A substantial number of systems have been investigated at the solid-liquid 
interface where hydrogen bonding plays an important role in the formation and 
structure of a 2D monolayer. These systems include monoalkylated long-chain 
alcohols, fatty acids and amines7.  
Hydrogen bonding is one type of non-covalent bonding that helps to 
generate supramolecular structures via self-assembly. The first proposal of hydrogen 
bonding in amines in aqueous solution was made by Moore and Winmill8 in 1912. 
One of the most important aspects is the formation of molecular aggregates through 
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intermolecular hydrogen bonding, e.g. the formation of dimeric structures in 
carboxylic axids.  
The general prerequisites for formation of a hydrogen bond are the 
presence of a relatively polarized X-H (X=O, N, F, or even C) bond, the H-bond 
donor, and a suitable H-bond acceptor (Y). Here Y could also be another electron-rich 
moiety as in an aromatic system. Hydrogen bonds have some covalent character, but 
theoretical studies indicate that this can be described as electrostatic in origin9. 
Although hydrogen bonds can form identifiable species in gas, solution and solid 
phases, they are typically weak and can be broken by high temperature or strong 
interactions.  
In our Target 1/HOPG system, we believe that hydrogen bonding is the 
driving force for the lateral ordering of the Target 1 molecules on the surface. In 
addition, the van der Waals interaction between the side chains helps to stabilize the 
network and the strong commensurate adsorption with the HOPG lattice imparts both 
stability and orientation to the monolayer. Such models have been studied more 













































































































































Figure 4.7 A proposed model of the hydrogen bonding network for Target 1 on HOPG..  
 
When applying the H-Bonding model to the observed images, it can be seen 
from Figure 4.8 that the Target 1 molecules are extended to lie flat on the HOPG. The 
molecules pack in units with the long axis of the alkyl side chains forming an angle of 
60 degrees with the direction of the main chain. The hydrogen bond is assumed to 



































































































































Figure 4.8 a) Molecular resolution STM image and b) Proposed hydrogen bonding 
model for Target 1 on HOPG. 
 
The interpretation of the molecular arrangement observed in STM is shown 
in Fig 4.8. Two Target 1 molecules are hydrogen-bonded in a head-to-head fashion 
with the bright spots in the STM image (Fig. 4.8 (a)) as being centered over the 
molecule (Fig. 4.8 (b)). 
 
4.2 Chemisorbed SAMs – Functionalized Molecular 
Devices 
Functionalized organic monolayers are nowadays of particular interest 
because of their ability to modify the chemical and physical properties of the 
substrates surfaces to which they are bound. Therefore understanding on the structure 
and stability of those multicomponent surfaces on the nanometer scale is important, 
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e.g. the effect of terminal groups, chain length, chain substitution, mixing of 
adsorbates, etc. In this study, SAMs consist of both pure and mixed alkanethiols have 
been imaged in liquid by AFM, and their structures and stability investigated. 
 
4.2.1 Chemisorbed SAMs of Alkanethiol on Au (111) 
Alkanethiols chemisorbe strongly on Au and form well-ordered, stable 
structures. Although various techniques such as LEED, HREELS, XRD have been 
applied in studies of the structural and orientation information of this SAM, STM and 
AFM have an advantage in providing a direct image of the surface structure, including 
defects and kinetic growth. 
There are a large number of STM results on the atomic structure of thiolated 
molecules on Au, but very few AFM results with molecular resolution. In this study, a 
series of alkanethiols (C6, C12, C18) have been studied with AFM in liquid, and 
“atomic” scale resolution of the thiols on Au is provided which is comparable to other 
STM results on this system. Imaging is done in contact mode with the use of silicon 











Figure 4.9 AFM images of dodecanethiol (C12) SAM on Au (111). Square scan area is, a) 
150nm, b) 12nm, c) 8nm, d) 4nm. 
 
Figure 4.9 shows a series of images of monolayer formed by dedocanethiol 
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adsorbing on Au (111). In Fig. 4.9 (a), with a scan area of 150nm×150nm, a typical 
thiol-on-Au surface is observed, showing the presence of many small etch pits with a 
diameter around 5nm and depth around 2 Angstrom. These etch pits are the result of 
the underlying Au (111) surface reacting with the sulfur. The surface re-arrangement 
(with the formation of pits) reduces the free energy. The interior of the pits also 
contain a SAM layer. In Figures 4.9 (a), (b), (c), and (d), atomic resolution images are 
obtained within 12nm×12nm, 8nm×8nm and 4nm×4nm scan areas. They reveal a 
simple commensurate 030)33( R×  monolayer structure with a unit cell 
dimension of 0.58nm×0.5nm. Note that the dark-light contrast extending over ~5nm 
in Figures 4.9 (b) and 4.9 (c) is an experimental artifact due to periodic noise. 
For comparison of the monolayer with the underlying Au substrate, atomic 
resolution images of the Au (111) surface are obtained by increasing the AFM 
scanning force to 34nN, as shown in Figure 4.10. A periodic image is observed and 
the unit cell shows a dimension of 0.3nm×0.3nm, with 60 degree between the two 






















Figure 4.10 Atomic Resolution of Au (111) surface beneath the alkanethiol SAM. Square 
scan area is a) 12nm, b) 8nm, c) 4nm 
 
 69
                                                               Chapter 4 Results and Discussion 
Our interest for scanning the alkanethiol SAMs with AFM instead of STM 
lies in the fact that although STM usually offers better spatial resolution than AFM, it 
should be noted that measurable tunneling currents through hydrocarbon chains can 
only be obtained for chain lengths with carbon atom number n≤12. Thus, AFM has an 
advantage in imaging very long chain alkanethiols without concern about high 
tunneling impedance. In this study, the atomic resolution of octadecanethiol (C18) is 
obtained with AFM, which can hardly be achieved by STM because of the high 





























Figure 4.11 AFM images of octadecanehtiol (C18) SAM on Au (111) taken in 
phenyloctane. Square scan area is a) 12nm, b) 8nm, c) 4nm. 
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Figure 4.11 shows a series of AFM images of octadecanethiol (C18) SAM 
on Au. The ordering of the C18 monolayer is not as good as that of the C12 
monolayer although the 030)33( R× structures with unit cell dimension 
0.44nm×0.5nm could still be seen.  
Another problem for both STM and AFM scanning on the alkanethiol 
SAMs is the stability and ordering of the SAM structure. The thiol SAM structure is 
related to chain length, which is a reflection of the competition between different 
energy interactions. In general, the headgroup-substrate interaction is nominally fixed 
but the chain-chain interactions increase with increasing alkanechain length. When the 
chain is less than C8, disorder in the SAM layer occurs because the interchain van der 
Waals interactions can no longer induce a strong lateral force. Conversely, long chain 
alkanethiols have strong interchain forces and can pack into denser and more ordered 
monolayer structures. However, this also requires that the SAM is given enough time 
to equilibrate. For strong interaction energies, as in chemisorbed SAM, a very long 
time is needed (≥hours) to achieve equilibrium, i.e. for very long chain thiols, the 
kinetics of the formation may dominate SAM formation, and in this case the SAMs 
appears more disordered because more time is required for the SAMs to increase 
packing density and order. That accounts for the difficulty in the imaging of short 
chain SAMs. 
In this study, SAM with a chain as short as C6 is imaged, and well-ordered 
structure is observed. 
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Figure 4.12   AFM images of hexadecane thiol (C6) SAM on Au (111) in phenyloctane. 
Square scan area is a) 25nm, b) 8nm.. 
 
Figure 4.12 shows AFM images of a hexadecanethiol (C6) monolayer on 
Au (111). Typical alkanethiol etch pits are observed (Fig. 4.12 (a)) and molecular 
AFM resolution of the SAM are achieved (Fig. 4.12 (b)). The measured unit cell 
dimension is 0.48nm×0.5nm. 
To summarize, we report AFM images taken in liquid of C6, C12 and C18 
alkanethiol SAMs formed on Au (111) single crystal surfaces. By using Au substrates 
with a very low defect density and undertaking AFM in liquid to minimize 
contamination and capillary forces, we observe molecular resolution AFM images that 
are consistent with previous STM studies.  
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4.2.2 Insertion of Molecular Wires into Alkanethiol SAM 
In the single molecular wire experiments, self-assembled alkanethiols on Au 
are used as the matrix and thiol-terminated molecular wires are inserted into the 
alkanethiol SAM. In monolayers containing mixed alkanethiolate molecules, previous 
studies have found that films can be constructed in which one component will 
distribute randomly in a matrix of a second component, segregate into domains, or be 
displaced from the film into solution by the second component15,16. These various 
processes are highly condition-dependent, giving the ability to control the structure of 
mixed composition films. It is found that the insertion of molecules into a preformed 
SAM gives superior results, both with respect to alignment of the guest molecule 
within the SAM and to maintaining order in the host alkanethiolate SAM matrix17.  
In this study, host SAMs are made by self-assembly from hexacanethiol, 
heptacanethiol, octanethiol, decanethiol, dodecanethiol, and tetradecanethiol solutions 
(referred to as C6, C7, C8, C10, C12, and C14 as in earlier section, where C 
represents the carbon content of the alkanethiol). Molecular wires adsorb at the defect 
sites of the SAM matrix or at the step edges of the Au substrate. The inserted 
conjugated thiol molecules access the underlying gold surface by chemisorption 
through the sulfur headgroups, with the conjugated tails protruding through the 
alkanethiol matrix film.  
In this section, the insertion of molecular wires is studied using AFM and 
STM in-situ in a liquid environment. The molecule of interest in this study is the 
conjugated molecule called Wire 3, shown in Figure 4.13. 
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Figure 4.13   Schematic diagram of the Wire 3 Molecule, showing the sulfur group 
which chemisorbs to the Au (111). 
 
This molecule is representative of a family of linear conjugated oligomers 
having an electron-rich backbone which have been proposed as candidates for 
applications as “molecular wires”. Figure 4.14 shows the length of Wire 3 in relation 
to the alkanethiol molecules of the SAM into which Wire 3 is inserted. The wire 
molecule will protrude from the surface when inserted into C7 and C8 alkanethiol 














Figure 4.14   Length of Wire 3 amd the SAM alkanethiol Matrix. 
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4.2.2.1 In-situ AFM Imaging of Insertion of Wire 3 
In order to observe the insertion of wire in real time experiments, an 
octanethiol SAM on Au (111) is used as a host matrix. The freshly prepared SAM is 
placed in the liquid cell with phenyloctane used as the liquid environment. Solutions 
of Wire 3 are prepared immediately before use at 1mM concentration in chloroform. 
In the in-situ experiment, a selected area of the octanethiol SAM on Au (111) is 
scanned continuously by AFM in phenyloctane. Wire 3 solution (~0.2ml) is then 





































Figure 4.15 Real Time AFM image of Wire 3 inserted into an octanethiol (C8) SAM at 
time after injection of a) 2h, b) 3.5h, c) 4.5h. Scan area 200* 200nm, imaging force = 1nN.    
                 
Fig. 4.15 displays three real time topographic images. Fig. 4.15 (a) shows 
the sample scanned before the insertion of Wire 3 molecules and the pure octanethiol 
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SAM is imaged. After the injection of Wire 3, the scanning does not resume until after 
0.5 hours to allow the solution mixture to stabilize. Figs. 4.15 (b) and (c) show the 
SAM surface 3.5 hours and 4.5 hours after Wire 3 solution is injected into the liquid 
cell. In both images, small protrusions are observed, which correspond to the insertion 
of Wire 3 into the matrix. Note that before 3.5 hours no indication of molecular 
insertion was observed and after 4.5 hours a great many more molecules appear 
particularly around the SAM etch pit defect sites. To exclude the possibility that the 
protrusions observed are contamination from air or phenyloctane, an in-situ 
experiment with a pure C8 SAM immersed in phenyloctane is undertaken and AFM 
imaging is done for 100 hours. Only typical thiol structures are observed and none of 
the small molecular protrusions of Fig. 4.15.  
Quantitative height information of the inserted molecules is measured. The 
height of the adsorbed molecules (or clusters) is 1.5 Angstrom. This is reasonably 
close to the value of 2.4 Angstrom anticipated from simple geometric arrangement 
(see Fig. 4.14) and indicates that the molecular axis of the adsorbed Wire 3 molecule 
remains vertical and tilts to some degree similar to the surrounding alkanethiols.  
The Wire 3 features are present at the etch pits and other large defects or 
domain boundaries, indicating that these sites are preferable for adsorption. Each of 
the single protruding features cannot be unequivocally assigned as a single molecule 
because of tip convolution in the image. While the full width of the protrusions 
appears to be 4 to 8 nm, which is smaller than the tip radius, the imaging of the tip 
structure by Wire 3 molecules can occur and cause the imaged feature diameters to 
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correspond to that of the tip shape rather than the Wire 3 molecules. Irrespective of 
whether single molecules or small clusters of molecules are present, the Wire 3 
molecule clearly preferentially adsorbs at defect sites before insertion into the SAM. 
Molecules of Wire 3 did not migrate within the film during the observation 
time (6 hours). The features due to Wire 3 remain at the defects. This indicates that 
some combination of strong chemisorption and steric hindrance is retarding the 
migration of the inserted molecules from these sites. If given enough time Wire 3 
molecules starts to replace the rest of the SAM as shown later. 
We propose a mechanism for the insertion of Wire 3 from solution, as shown 
in Figure 4.16. 
(a) Before insertion
Au substrate
Thiol Molecules Adsorbed on Au
Etch Pit
(b) Initial adsorption (Prefer to adsorb
at defects or domain boundaries.)
(c) Adsorption after enogh time immersion










Figure 4. 16 Schematic showing the proposed model of the insertion of Wire 3 into a SAM. 
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Alkanethiol molecules form monolayer on Au (111) substrate before 
insertion of Wire 3 molecules (see Fig. 4.16 (a)). Insertion begins by adsorption of 
Wire 3 molecules onto gold at defects, possibly with their molecular axis tilted at a 
low angle to the surface (see Fig. 4.16 (b)). The kinetics of this first adsorption step is 
very slow as Wire 3 molecules must replace strongly bound alkanethiol. Continued 
exposure to Wire 3 solution results in a two-dimensional aggregation of inserted wire 
molecules, which can reorient to a more vertical, close packed configuration. When 
the surface coverage further increases, a closely packed phase of inserted molecules is 
formed with their molecular axis oriented ~30 degrees from the surface normal as a 
result of the interaction with the surrounding alkanethiol matrix. After insertion for a 
long time (>10hours), inserted molecules starts to replace the rest of the SAM as 
indicated in Fig. 4.16 (c). 
The mechanism provides an explanation as to why it takes several hours in 
this system before inserted molecular wire could be observed with AFM. The kinetics 
is very slow because of the strong chemical bonds present and the adsorbed Wire 3 
molecules may not necessarily have a vertical orientation upon initial insertion at the 
defect sites. In addition to immersion time, the nature of the SAM matrix will also 
affect the observation of molecule insertion. For example, experiments are done using 
the same wire solution concentration but a shorter C7 SAM matrix. The principal 








Figure 4.17 Real Time AFM imaging in phenyloctane showing the insertion of Wire 3 
into a heptanethiol( C7) SAM on Au(111). The experimental and imaging conditions are identical 
to those of Figure 4.16. The square scan area and time of after adding of Wire 3 solution are: a) 
300nm, 0.5h, b) 300nm, 3h, c) 200nm, 4h, d) 250nm, 11h.. 
 
Figure 4.17 show that the insertion is observed to occur after 3 hours 
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immersion time. This is faster than the time of 3.5 hours needed for the observation of 
Wire 3 insertion in the octanethiol (C8) matrix, which could reflect slightly different 
experimental conditions but is most probably a result of the easier insertion of 
molecules into the less densely packed C7 SAM. After 4 hours immersion, the 
inserted molecules are clearly present within the SAM matrix. The measured 
protrusion height of Wire 3 above the SAM is 2Å. After 11 hours immersion, larger 
clusters of molecules are observed at the edge of domains with a measured height of 
3Å. This is higher than the measured protrusion of Wire 3 in the C8 SAM and results 
from the difference in thickness between the C7 and C8 SAM. The data taken at very 
long immersion time (Figure 4.17 (d)) also clearly shows that molecular insertion is 
beginning to occur over the entire SAM surface, not just at defects ( i.e. etch pits and 
domain edges). In effect, the alkanethiol SAM is being replaced by the Wire 3 
thiolated molecule. 
 
4.2.2.2 Insertion at different matrix length 
Another method to confirm the insertion of molecules is employing 
alkanethiol SAM of different lengths. In this way the relative height of inserted 
molecules can be compared with the adjoining alkanethiol matrix.  
The estimated molecular length of the Wire 3 molecules is between 
decanethiol (C10) and dodecanethiol (C12), as indicated by Fig. 4.14. So it is 
expected that AFM images will show bright spots (i.e. protruding) corresponding to 
Wire 3 when inserted in a SAM alkanethiol shorter than C10 and darker spots (i.e. 
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holes) when inserted into a SAM alkanethiol longer than C12. This is shown 
schematically in Fig. 4.18. This argument assures a similar tilt angle for the inserted 
wire and the alkanethiolate chains.  
 
(a) Inserted molecules are 
imaged as a protrusion.
(b) Inserted molecules are 














 Figure 4.18 Scheme of insertion of a wire in matrices of different length. 
 
The differences in protrusion height are indeed observed when Wire 3 is 
inserted into SAMs of different lengths, and Fig. 4.19 shows representative data from 
our experiments. In this work, Wire 3 molecules are inserted into C6, C7, C8 and C14 









Figure 4.19 AFM images in phenyloctane of Wire 3 inserted into: a) hexanethiol (C6) 
SAM , scan size 100nm×100nm; (b) heptanethiol (C7) SAM, scan size 200nm×200nm; (c) 
octanethiol (C8), scan size 200nm×200nm; (d) tetradecanethiol (C14), scan size 230nm×230 nm. 
 
Assigning the features (bright spots) as Wire 3, the measured height of the 
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bright spots in the C6, C7 and C8 are less than 5Å, 3Å and 1Å, respectively. When the 
length of the matrix molecules becomes longer than the length of the inserted 
molecule, as in the case of C14 (Fig. 4.19 (d)), no bright spots are seen with only pits 
in the SAM. 
In this section we have confirmed the insertion of Wire 3 molecules into a 
well-ordered alkanethiol matrix by an in-situ AFM experiment in liquid. The result 
provides us with not only the interesting structure of a matrix with isolated molecules 
but also important information for the AFM observation of such surfaces. The 
successful observation of the insertion of Wire 3 at a concentration of 1mM depends 
on both the immersion time and SAM matrix properties. A shorter time is required for 
observing the insertion in shorter chain SAM matrices because the molecules inserted 
move easily into a less ordered SAM.  
 
4.2.3 Attached Au Nanoparticles on Dithiol SAM 
A critical issue in molecular wire experiments is to obtain ohmic contact 
between the molecule and the metallic contacts. It has been found that the reliability 
of metal-to-molecule contacts is enhanced in scanning probe experiments when gold 
nanoparticles (Au NPs) are chemically bonded to the free end of the molecule18-23. In 
this way, it is easier for the tip to attach to the contact and also assures firm bonding 
with the molecular wire.  
In our studies, an octanedithiol SAM is formed on Au (111) and Au NPs are 
then attached to the exposed thiol surface of the dithiol SAM. Ultimately, dithiol wire 
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molecules will be inserted into SAM and capped with Au NPs. However, the synthesis 
of dithiol conjugated wires is not completed during the study and thus the research is 
limited to investigating Au NP attachment to a simple (commercially available) 
alkanedithiol. Specifically, we investigate the stability of the bonding between the 
attached Au NPs and the dithiol molecules underneath for use as a top electrode for 
future studies. AFM is employed in contact mode and images are taken in liquid 
(phenyloctane) employing silicon nitride cantilevers with a spring constant of 
0.05N/m.  
Gold nanoparticles (NPs) with an average diameter of 5nm are attached onto 
an octanedithiol SAM by immersing the SAM into the Au NP suspension for 1 hour. 
After this, the samples are removed from the colloidal suspension, rinsed with ethanol 
and finally blown dry with nitrogen. The low concentration of suspension solution 
enables the attachment of isolated nanoparticles for short immersion times (~1hour). 
Low Au NP coverage is desirable for AFM and STM experiments. A complete 
surface coverage of Au NPs can be achieved by using long immersion times with 
higher concentration suspensions and this may be useful for the study of large 



















Figure 4.20 AFM images in liquid (phenyloctane) showing Au Nanoparticles attached to an 
octanedithiol SAM. Indicated by arrows are some of the Au NPs. Au NP immersion time=1hr. 
Scan area:250nm×250nm. 
 
Figure 4.20 shows that under the sample preparation conditions, the Au NPs 
are approximately uniformly distributed on the surface. The image resolution here is 
not as good as other results done in tapping mode24 because the tip-/sample 
interactions are large in contact mode. In particular for soft sample like SAM, the 
force corrugation may affect the observed images significantly. The reason why we 
use AFM in contact mode in our experiments is because: a) we work in liquid 
environments and tapping mode does not work particularly well in liquid because of 
high damping, and b) we wish to obtain an understanding of the relationship between 
the applied force and the imaging of the Au NPs, in order to clarify how strongly 
bound the Au NPs are. 
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Figure 4.21 AFM contact mode images of Au NPs on octanedithiol SAM taken at different 
applied forces in phenyloctane. Scan area: 110nm×110nm. Applied force: a) 200 pN, b) 500 pN , c) 
1 nN , d) 100 pN.    
 
 
Figure 4.21 shows the same area of Au NPs on an octanedithiol sample 
scanned under different applied forces. We begin scanning at 200pN (Fig. 4.21 (a)). 
 88
                                                               Chapter 4 Results and Discussion 
Under this force, separate Au NPs can be clearly seen as bright spots on the thiol 
matrix. When the force is gradually increased to 500pN (Fig. 4.21 (b)), the number of 
bright spots decreases. When the scanning force reaches 1nN (Fig. 4.21 (c)), almost 
all signs of the overlying Au NPs have disappeared. When the force is returned back 
to 100pN (after scanning at higher force for more than 10 mins) some of the Au NPs 

































Figure 4.22 Plot of number of Au NPs observed as a function of scanning force. 
 
Figure 4.22 plots the number of observed Au NPs as a function of applied 
force. Forces as high as 5nN are used in AFM scanning with the same result shown in 
Figure 4.21 i.e. the Au NPs are always observed when the scanning force is ~100pN. 
This demonstrates that many of the Au NPs are strongly bound to the dithiol 
monolayer, as expected. No permanent removal or rearrangement of the Au NPs is 
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(a) Tip applies a very 
small force on Au 
NP
(b) Force applied increased 
to a large value
(c) Force applied decreased












Figure 4.23 Schematic showing effect of force on the imaging of Au NPs attached to a 
dithiol SAM. The SAM is not stiff and can easily deform when subjected to strong forces. 
 
The situation when no Au NPs appear in AFM images does not mean that 
the particles have been removed by a large scanning force. Instead, the particles are 
just pressed down into the thiol matrix. This is shown schematically in Figure 4.23. At 
low scanning force, Au NPs are protruding from the dithiol monolayer and appear as 
bright spots in the image (Fig. 4.21 (a)). When the scanning force is increased, the Au 
NPs compressed along with the monolayer during the scanning. Above a certain 
scanning force, Au NPs bury into the monolayer and no bright contrast spots appear. 
Both tip and sample can elastically deform, effectively blunting the tip such that very 
small features cannot be observed. When the force is decreased, the tip begins to 
retract and the surface returns reversibly to the original state.  
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The driving force behind all of the previous investigation is to make samples 
to test the conductivity of single molecules. Figure 4.24 shows our first attempts at 
obtaining such data using conducting AFM. The sample is formed by Au NPs attached 
to an octanedithiol SAM, which are prepared as described above. 
 
 
     Figure 4.24 Conducting AFM image of Au NPs on octanedithiol SAM taken in contact 
mode in liquid(phenyloctane). Scan size:300nm×300nm. Scan force: 10nN. Voltage Applied:50mv.   
a) Topography image b) Simultaneous current image, with dark to bright image contrast 
representing current flow across the sample of 10pA to 2nA. 
 
The topography image (Fig. 4.24a) shows only large features such as domain 
boundaries, because the applied force is very high (10nN). This high force is 
necessary in order to make good electrical contact between the tip and samples, but 
results in poor resolution for the small Au NP features (as discussed above). The 
current image (Fig. 4.24 (b)) is very sensitive, with many Au NPs observed over the 
sample. The current image is stable for many repeated images and the bonding 
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between Au NPs and dithiols can survive the high force used. The strong image 
contrast in the current over the Au NPs reflects the good electrical contact between the 
Au NP and the tip. This contrasts with the much poorer contact between molecules of 
the SAM matrix, and highlights the necessity of producing ohmic contacts to measure 
molecular conductivity. 
Our CSAFM system has proven to have a resolution of about 2 nm, as 








                                               
 
Figure 4.25 Conducting AFM image of Au NPs on octanedithiol SAM taken in contact mode in 
liquid(phenyloctane). Scan force: 10nN. Voltage Applied:50mv. Scan size: 40nm×40nm. 
 
Besides current imaging of the inserted molecules, conducting AFM also 
provides information on the junction IV behavior. Current-Voltage (I-V) curves are 
taken on this system before the adding of Au nanoparticles, and one example is shown 
in figure 4.26. This shows an I-V curve for a diamond tip in contact with a SAM of 
octanedithiol. The estimated resistance of the octanedithiol SAM is 3.65 G Ohm, as 
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defined by the linear portion of the I-V characteristics between -0.2 to 0.2V. This is a 
reasonable value for the tunneling resistance. 
 

















Figure 4.26 Current-Voltage (I-V) curve performed by Conducting AFM on an octanedithiol 
SAM taken in contact mode in liquid(phenyloctane). 
 
Although I-V curves can be achieved using both STM and conducting AFM, 
quantitative analysis of the current associated with a molecule wire is complicated by 
several factors.  
First is the quality of the probing tip. In normal AFM, the geometry of the tip 
can be reflected by the shape and sharpness of the images. However, in conducting 
AFM, the conductive property of the tip apex is not so straightforward to measure. It 
is almost impossible to detect changes in the conductive coating on the apex of the tip 
at the nanometer scale. For metal-coated tips, the thin Au metal film (usually 50 to 
100 nm) get easily worn either mechanically because of friction effects during 
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scanning, or electrically under the high electrical field applied. Even for a hard 
diamond tip, surface contamination is hard to avoid during the scanning process and 
the presence of even a monolayer of contamination will dramatically change the I-V 
curve.   
The second factor is the contact force because the current through a 
molecule is known to depend on the force used to contact to the molecule25, 26. 
Application of a bias to the tip will generate an electrostatic force between the tip and 
sample and variations in the force also occur as the tip moves over topographic 
features.  
In summary, it is facile to obtain relative conduction AFM images and I-V 
curves, as shown in the representative examples of Figures 4.25 and 4.26. However, 
to use such data to find the absolute value of conductivity is very difficult, primarily 
because the electrical condition of the tip apex is not known. This basic problem 
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Chapter 5 Conclusion and Prospects 
 
5.1 Conclusion 
Self-assembly illustrates a practical method for the fabrication of conjugated 
molecular electronic devices. In order to design these devices, a number of critical 
chemical issues will need to be addressed. In this work, the behavior of conjugated 
molecules at the solid-liquid interface is explored by using AFM and STM. We 
investigate some of the issues that play an important role in molecular electronics, 
including the self-assembly of monolayers of conjugated molecules, control of 
molecular wire insertion and gold particles for forming good electrical contact. 
Physisorption can be used to design reproducible molecular architectures 
from π-conjugated systems. Compared to the well known system of chemisorption- 
alkanethiols adsorbed on Au, the conjugated molecule of Target 1 physisorbed on 
HOPG also exhibits well ordered structures but with poorer stability. Our study of this 
system with AFM in liquid provides information on the effects of scanning force on 
the physisorbed molecules, which are only weakly bonded to the substrate. We show 
that for periodically ordered oligomers on HOPG, high resolution imaging is also 
possible with AFM. This is some of the first data ever taken for such systems and is a 
first step in the inevitable move from STM to AFM study of adsorbed oligomers.  
STM images of Target 1 on HOPG show that the molecules self-assembled into large 
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domains, aligning to the three fold symmetry of the underlying HOPG. 
Chemisorption of thiol terminated SAM on Au (111) is also studied with a 
series of alkanethiols ranging from hexanethiol (C6) to octadecanethiol (C18). In 
particular, interest in the creation of nanometer-scale electronic devices has led us to 
investigate the creation of isolated molecules of high conductivity within an insulating 
alkanethiol film. The study in this work shows the insertion process of a conjugated 
molecule (called Wire 3) into an alkanethiolate SAM matrix. The molecular wire 
shows preference to assemble at alkanethiol film defects, e.g., structural domain 
boundaries and etch pits, such that the initial (~3.5 hours) insertion process does not 
disturb the overall ordering of the alkanethiolate lattice. Over much longer times (~10 
hours), the conjugated molecules are observed over much of the SAM, indicating a 
gradual replacement of the alkanethiol SAM with the conjugated (thiol terminated) 
molecule. Our results compare favorably with other published data and we extend 
knowledge in this field by observing, for the first time, the insertion of the molecules 
in-situ. This is important because it verifies the molecular insertion, which is often 
difficult from just STM or AFM imaging. Gold nanoparticles are also attached to a 
dithiol SAM to achieve good electrical contact between the molecule and the scanning 
probe tip. This method of isolating conjugated molecules in alkanethiolate matrixes 
will allow future measurements of the electronic properties of isolated molecules 
conjugated using conducting AFM.  
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5.2 Prospects 
Molecular electronics is expected to be applied to industry and play an 
“equally” important role in the future as semiconductors play today. There are still 
many questions to be answered before real molecular devices can be achieved, such as 
reproducibility and stability of self-assembled molecular components, manipulation of 
specific conductivity via chemical doping, chemical and electrical interface effects 
due to the deposition of metal electrodes, etc. The two major experimental aspects of 
this study, namely the use of conduction AFM and the self-assembly of mixed 
monolayers onto surfaces, can assist in understanding these issues. 
Conducting AFM provides a good solution to measure molecules’ 
conductivity assuming good electrical contacts have been made within the 
tip-sample-substrate system. This method can contribute to the study of charge 
transport through SAMs which is important to both fundamental science and to 
applications in molecular devices. However, it is important to note that only after the 
key problem of making a reliable tip for conducting AFM has been solved, can 
quantitative analysis of I-V curves be explained correctly and charge transport 
through single molecules understood.  
Chemical issues such as strategies for self-assembling molecule-based 
devices should also be given attention. Different combinations of substrates and 
adsorbed conjugated molecules need to be tried to optimize single molecular 
properties. A sustained effort to explore these and related chemical issues, will be a 
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key step in the development of molecule-based electronics.  
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